Natural products have had an enormous impact on human health over the last century, and advances in genetics and analytical chemistry are rapidly expanding the frontiers of natural product discovery. 1, 2 Research efforts are being further reinvigorated by recently established natural product libraries that lower the barriersto-entry for researchers interested in testing these molecules in a variety of biological screening platforms. [3] [4] [5] Moreover, analytical techniques are increasingly enabling high-throughput library characterization and dereplication to accelerate discovery by focusing only on fractions or organisms possessing desired characteristics. [6] [7] [8] This renewed interest in probing natural product libraries has uncovered a need for absolute and universal quantification of mixtures of natural products in library fractions, 8 and the utility of lowtemperature evaporative light scattering detection (ELSD-LT) has recently been demonstrated as an accessible option for this purpose. 9 Along with charged aerosol detection and nano quantity analyte detection, ELSD-LT is a universal detector because signal response is proportional to the weight of the analyte. 10 If less volatile than solvent, the solute particles remaining after low-temperature evaporation may be detected by light scattering, and the resulting peak areas can be used to quantify analytes that do not possess chromophores or ionizable groups. This principle was exploited by Bugni and co-workers to generate a calibration curve with low nanogram limits of quantification (LOQ) for 'universal' quantification of structurally diverse molecules from natural product libraries. 9 Although the utility of ELSD-LT for low cost and high-throughput quantification of natural product library fractions has been established, the current universal calibration curve reflects a current bias in natural product discovery toward 'typical' compounds from a few natural product classes, such as the polyketides, non-ribosomal peptides and terpenes. However, molecules possessing a C-P bond (phosphonates and phosphinates) are a relatively underexplored class of natural products that have recently attracted renewed interest in part due to the high proportion of these molecules possessing biological activity. In addition, although only~30 natural C-P compounds have been described, recent bioinformatic analysis suggests that these molecules are much more widespread in nature than previously appreciated. 11, 12 In comparison to the 'typical' natural products used to generate the universal calibration curve, C-P compounds generally possess lower molecular weights, higher polarity and often lack a strong UV-visible chromophore (Figure 1 ). Because ELSD-LT is based upon light scattering from non-volatile molecules, the relatively high polarity and low-molecular volume of C-P compounds may yield anomalous light scattering responses. Herein, we investigate the utility of the previously developed universal calibration curve to quantify C-P compounds and identify conditions suitable for truly universal quantification of structurally diverse natural products. In addition, an HPLC method is described for separating and quantifying C-P compounds in a mixture.
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EXPERIMENTAL PROCEDURE Materials and sample preparation
Compounds 1-6, 8 and 12-19 were purchased from Sigma-Aldrich (St Louis, MO, USA), and compounds 7, 9-11 and HPLC grade solvents were purchased from Fisher Scientific (Toronto, ON, Canada). Samples were dissolved to a standard concentration of 10 mg ml − 1 in either Milli-Q water or HPLC grade methanol depending on solubility. Triplicate serial dilutions generated concentrations of 1000, 500, 250, 125, 62.5, 31.3, 15.6, 7.8, 3.9 and 2.0 ng μl − 1 .
Sample processing for direct injection
A Shimadzu LC-20AT pump (Shimadzu Corp., Kyoto, Japan) directed solvent at a flow rate of 1.00 ml min − 1 to a Shimadzu SIL-20ACHT autosampler that was connected to a Shimadzu ELSD-LTII evaporative light scattering detector using 75 cm of 0.127 mm i.d. tubing. The ELSD was operated using N 2 pressure = 50 p.s.i., AD2 sampling = 10 Hz and gain = 8. ELSD drift tube temperature was set to 30, 50 or 70°C, and the isocratic mobile phase was either 10 or 90% methanol in water. For each sample dilution, 1 μl was injected to yield triplicates of each injection quantity, and the ELSD-LTII response peak areas and peak heights were obtained by autointegration in the Shimadzu LCsolution version 1.25 software (Shimadzu Corp.).
Sample processing for hydrophilic interaction chromatography (HILIC)
passed into the Shimadzu CTO-20AC column oven at 40°C equipped with an Alltima HP HILIC column (3 μm, 150 × 2.1 mm, Grace Davison Discovery Sciences, Deerfield, IL, USA) before entering the ELSD-LTII detector. Separation was achieved via gradient elution starting at a ratio of 95:5 of solvent A (0.1% trifluoroacetic acid in acetonitrile) to solvent B (water) and increasing solvent B to 20% over 17 min. At 18.5 min, the column was returned to 5% B for the remaining 1.5 min. The ELSD-LTII parameters were set as described above but with the drift tube temperature set at 50°C.
Constructing calibration curves
Calibration curves for each compound at each of the six conditions (three temperatures and two solvents) were constructed by plotting the log(ELSD response area) versus the log (injection amount), with standard deviations included as error bars. An averaged, or 'universal', calibration curve was constructed for 'typical' compounds and C-P compounds separately at each condition by plotting the average responses for all 'typical' or C-P compounds with standard deviations as error bars.
LOQ determination
LOQ values were determined based on the amount of analyte that would yield a peak height equal to 10 times the standard deviation of the blank (baseline noise) at each condition, and was calculated from calibration curves for each compound using peak height instead of peak area ( Supplementary Figure 1) . The standard deviations were calculated in Excel (Microsoft, Redmond, WA, USA) from blank injections of mobile phase solvent.
Statistical comparisons of calibration curves
Statistically significant differences between 'typical' and C-P compound calibration curves were evaluated by calculating degrees of freedom with the Welch-Satterthwaite equation 13 and using the Welch's t-test 13 (Equation 1) to calculate a t-value for each injection quantity, where x 1 , s 1 and n 1 represent the average ELSD response, variance and number of 'typical' compounds tested, respectively; similarly, x 2 , s 2 and n 2 are the same parameters for C-P compounds.
RESULTS AND DISCUSSION
Comparison of C-P and 'typical' compounds under universal quantification conditions Representative 'typical' compounds were tested (Figure 1a , compounds 1-6) under the standard conditions to determine whether an identical calibration curve could be obtained. Although the 90% methanol mobile phase and 50°C evaporation temperature were identical to those previously reported, the injection volume was reduced from 10 μl to 1 μl to improve reproducibility and enable accurate comparisons between 'typical' and C-P compounds. Reduced injection volumes provided a constant ELSD-LT response that was independent of sample solvent ( Supplementary Figure 2) . This was critical for comparing the two groups of compounds because methanol was used to dissolve 'typical' compounds, whereas the C-P compounds were dissolved in water. Lower injection volumes also abolished solvent peaks that appeared at higher volumes (Supplementary Table 1 ). For each of the six compounds, the previously described standard conditions of 90% methanol and 50°C were used to generate a linear calibration curve in the log-log form that is routinely used for analysis of ELSD data. [14] [15] [16] The resulting calibration curves possessed comparable slopes but smaller y-intercepts (Figure 2a , short dashes) than previously reported (Figure 2a , long dashes), 9 presumably due to the solvent signal observed at higher injection volumes (Supplementary Table 1 ). The LOQ values were also comparable or slightly lower than those previously reported (Table 1 ). Table 2 ). 13 (f) The condition of 10% methanol and 30°C that provides a new 'universal' calibration curve representative of both 'typical' and C-P compounds. (g) HPLC chromatograms for hydrophilic interaction chromatography separation of different amounts of C-P compounds 7-10.
After generating a calibration curve of 'typical' natural products, we evaluated its utility for quantifying C-P compounds. Thirteen representative C-P compounds, of which three (16, 18 and 19) were synthetic (Figure 1b, compounds 7-19) , were analyzed under the same conditions used to quantify 'typical' compounds, and a linear fit to the log-log plot was obtained ( Figure 2b ) but with higher LOQ values than for 'typical' compounds (Table 1) . Significantly, because C-P compounds elicited a smaller average ELSD response compared with the 'typical' compounds ( Figure 2c) , use of the current universal calibration curve could significantly underestimate the quantity of C-P compounds in a sample. For example, an ELSD response area of 10 000 μV 2 would underestimate the quantity of C-P compounds injected by ∼ 60%. In summary, the sample selection bias of the current calibration curve toward 'typical' natural product classes has rendered it inaccurate for quantifying C-P compounds, which require a dedicated calibration curve.
Searching for conditions that enable truly universal quantification
To address the shortcomings of the current calibration curve and avoid generating dedicated calibration curves for each natural product class, we elected to search for conditions that could accurately quantify both sets of compounds using a single curve. The pursuit of such truly universal conditions was initiated by determining LOQ values under a variety of evaporation temperatures and mobile phase solvents. Specifically, evaporation temperatures of 30, 50 and 70°C were combined with an aqueous mobile phase containing either 90 or 10% methanol to achieve six different analysis conditions for each of the 19 compounds. LOQ values under each condition are summarized in Table 1 and provide a useful indicator of ELSD-LT sensitivity for a given compound. As expected, sensitivity increases at lower temperatures and increasing solvent volatility. However, there is no obvious correlation between LOQ and either molecular weight or enthalpy of evaporation under the conditions used, even though ELSD is thought to work best for analytes with molecular weights 4270. 8 To identify conditions that elicit similar ELSD-LT response for 'typical' and C-P compounds, the LOQ values were plotted as a function of temperature and solvent (Figure 2d ). The intersecting lines on this plot revealed that the two classes of molecules have similar LOQ values between 30 and 50°C using 10% methanol, suggesting that these conditions might generate a truly universal standard curve. Full calibration curves under each condition were then constructed to determine if truly universal quantification could be achieved ( Supplementary Figure 3) , and statistical analysis was performed to determine at what confidence interval the two curves could be considered significantly different (Supplementary Table 2 ). Although all 90% methanol conditions resulted in significantly different calibration curves (⩾99% confidence level), the 'typical' and C-P compound curves converged as the temperature decreased (Figure 2e ) such that they were statistically indistinguishable at 30°C (Figure 2f and Supplementary Figure 3 ). In summary, conditions of 30°C and 10% methanol mobile phase eliminate differences in ELSD-LT response between 'typical' and C-P compounds and therefore allow truly universal quantification of structurally diverse natural products with a single calibration curve.
Separation and quantification of C-P compounds in a mixture
In addition to estimating the total quantity of natural products in an extract, relative composition can be estimated by chromatographic separations before ELSD-LT. Specifically, the high polarity of C-P compounds relative to typical natural products provides an opportunity to separate the two classes. We used HILIC to separate several C-P compounds with similar polarity and molecular weights (Figure 2g ), although with reduced sensitivity. For example, the LOQ for 2-aminoethylphosphonic acid (8) increased to 145 ng, or about 30-fold compared with direct injection (Supplementary Figure 1) . Interestingly, although the column efficiently retained polar C-P compounds, many 'typical' natural products rapidly eluted to facilitate estimates of the relative composition of two natural product classes ( Supplementary Figure 4) . In summary, HILIC separation coupled to ELSD-LT enables rapid and low-cost quantitative estimates of polar versus 'typical' natural products in polar fractions, albeit with reduced sensitivity compared with direct injection, and techniques such as 31 P NMR and mass spectrometry could be added to identify C-P compounds.
In conclusion, the relatively small and polar C-P compounds generate a significantly different ELSD-LT response relative to the more widely studied natural product classes such as polyketides and non-ribosomal peptides. Although accurate quantification of C-P compounds can be achieved with a dedicated calibration curve, reduced evaporation temperature and organic solvent composition can yield identical calibration curves for C-P and 'typical' natural product groups, enabling truly universal quantification with a single calibration curve. Moreover, although the LOQ values are 410-fold higher, HILIC chemistry can efficiently separate C-P compounds from one another and from 'typical' compounds to generate additional compositional information. Overall, these results demonstrate the potential of ELSD-LT for inexpensive and high-throughput quantification of natural product libraries possessing C-P compounds.
